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ABSTRACT

Aircraft gas turbine engines in the Mach 2 to 3 range, now in the
development stage, will require lubricants considerably more stable to
oxidation {to 500°F) than present jet engine lubricants. Fluoroesters
and polyphenyl ethers are among the potential high-temperature lubri-
cants being considered for this application. If has been discovered at
NRL that a high degree of oxidation stability can be imparted to these
fluids by a variety of metals and organometal compounds.

Three fluoroesters and a polyphenyl ether [ bis(phenoxy -phenoxy) -
benzenc) were subjected to oxidizing conditions at relatively high tem-
peratures {437°to 650°F) in the presence and absence of the metals and
organometal compounds, and data were obtained to show the oxidation
inhibition due to the additive. These data included viscosity change at
100°F, neutralization number increase, evaporation loss, corrosivity to
metals, and sample appearance.

At 437°F copperand steel improved the stability of the fluoroalcohol
{y’ ~alkyl) esters of 3-methylglutaric and camphoric acids. At 482°F,
the camphorate was substantially stabilized by copper, barium, monel,
and chromium; by toluates or benzoates of barium, nickel, chromium,
cobait, manganese, praseodymium, titanium, ytterbium, and strentium;
by cerium disalicylalpropylene diamine and cerium (y/’-heptyl) hydrogen-
3-methylglutarate; and by the conper salts of perfluoroundecanoic acid,
(¥’ -heptyl) hydrogen 3-methylgluiarate, ioluic acid, and phenylstearic
acid.

Bis(y'-amyl)2,2”-diphenate possessed generally high inherent sta-
bility up to 617°F. Some [IF was evolved, however, which was greatly
reduced by thepresence of copper. At 642°F the ester underwent exten-
sive pyrolysis, which the inhibitors did not prevent.

The solyphenyl ether, bis lphenoxy—-phenoxy)benzene was effectively
protected fr om oxidation at 600°F by copper, cupric toluate, and ceric
iotuate. ATLHE ¥ elicctive bibiivrs wes v bas wain mctal, and e tolugtoe
or benzoales ol barium, mangancse, cerium, nickel, lead, praseodymiuin,
cobalt, chromium, tltaulum and ytterbium.

The degree of stability given to these fluids increases interest in
them as potential high-temperature lubricants for aircraft gas turbines
in the Mach 2 to 3 range.

PROBLEM STATUS
This is an interim report; work on this problem is continuing.
AUTHORIZATION
NRT, Problems C02-01 and CO02.--02

Projecis WAR @ 1R001/556--1/7012..03.-005
and BR007..08-44.-5500

Manuscreiol submiited April 27 1962,




ANTIOXIDANT ACTION OF METALS AND ORGANOMETAL COMPOUNDS
IN FLUOROESTERS AND POLYPHENYL ETHERS

INTRODUCTION

Power requirements for jet aircraft have increased manyfold since World War II,
concomitantly imposing more stringent demands on engine lubricants. One property
critical to the satisfactory performance of these lubricants is resistance te oxidation.

Experience with petroleum oils and aliphatic diester fluids has taught that if metals
have any effect on lubricant stability, it is generally adverse. Certain metals, copper
being a notable example, are considered to be particularly deleterious in this respect.

It is customary, therefore, for lahoratory tests which attempt a realistic measure of the
oxidation stability of lubricants to specify the inclusion of the metals of construction per-
tinent to the application for which the fluid is to be used.

The present investigation is concerned with a study of the oxidative stability of flu-
oroesters and aromatic polyethers, both potentially useful as high-temperature jet air-
craft engine lubricants, and, more particularly, with the unexpected resistance to oxidation
at high temperatures imparted to them by certain metals and salts. The results are remi-
niscent of those obtained during a parallel investigation of the high-temperature inhibition
of silicones (4).

There are few data available on the use of organometal compounds as oxidation inhib-
itors. Naphthenates of copper and cobalt have been reported to enhance synergistically
the activity of phenolic antioxidants in lubricating oils (14). Dispersions of inorganic
salts of alkali metals are reported to have antioxidant properties in lubricant compositions
containing petroleum and synthetic esters (22).

To place in proper perspeciive the oxidation stability requirements for high-
temperature jet engine lubricants, it will be useful to review briefly the development of
both the engines and the lubricants. Early jet engines, such as the J-33 and J-34, devel-
oped thrusts of 3,000 to 6,000 lb. Sump temperatures were of the order 130° to 150°F and
pil-out temperatures at the bearings were 210° to 260°F. These engines were lubricated
adequately with petroleum oils, grades 1005 and 1010, conforming to military specifica-
tions (24). The specification corrosion-oxidation test required that the lubricant be stable
at 250°F for 72 hours, which may be taken as an indication of the stability required of
them under service conditions. In the early 1950’s engines (e.g., J-57 and J-79) in the
Mach 1 to 2 range, with thrusts of from 10,000 to 16,000 1b came into general use. These
engines currently power the majority of U. 8. firstiine fighter aircraft. Sump tempera-
tures range from 230° to 275°F, and oil-out temperatures from 340° to 400°F. The oxi-
dative stresses to which the lubricants for these engines are subjected are of such mag-
nitude that petroleum-~based fluids cannot be emploved because of their rapid deterioration.
Aliphatic ester-based fluids (2,8,11), however, when properly inhibited with an efficient
antioxidant such as phenothiazine (21), have proved to be eminently satisfactory lubricants
for these engines. The specification (17} covering these fluids requires that they withstand
a corrosion-oxidation test at 347°F for 72 hours.

Jet engines such as the J-58 and J-93, now-in the development stage, are in the Mach
2 to 3 range and have thrusis of from 18,000 to 26,000 ib. Sump temperatures range from
300° to 450°F, and oil-cut temperatures may attain 650°F. Although a lubricant specification

incs has been wiitten haced on imethvlolnronidne -l vne esters. o i
{16} for these engines has been wy itten, based on tI‘luxt:th_y}.ulpl opane-type esters, se oils
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presently qualify under it. [n the original version of the specification, a 590"F corrosion-
oxidatinn test was listed but proved to be of no practical value because no oils could be
found to meect the stability requirements (6). No corrosion-oxidaticn requirement is
incorporated in the latest version of this specification £16). In all of the specifications
noted above, the corrusion-oxidation fests provide for various metal specimens to be
prescnt, both to simulate engine conditions and o catalyze oxidative breakdown of the
lubricants.

EXPERIMENTAL PROCEDURE

Because some of the experimental {luids for this study were available only in limitea
quantities, it was not feasible fo evaluate their corrosion-oxidation stability according to

currcnt standard methods, which require up to several hundred milliliters pei run. There-

fore, cells weve eraploved which require sample volumes of only 20 ml (2,23). 'The cells
were constructed of borosiiticate glass, as are all corrosion--oxidation cells described in
military specifications, and were mantsined at the desived test temperatures s ther-
mosiatted aluminum block furnaces. Clean air, freed of CO, and moistree, was bubbled
through the saraples at the rate of 1 ee pas/gm swmple/min. Metal specimens presceni
peneraliy had surface areas of 10 sque -~ centimeter s,

The data obtained on oxidized oils veneratly inciuded viscosity change ai 100°F,
neutcalization number inevease, evaporad corrosivity 1o metals, and ssmple
appearance. ln a number of tluosoester v s the eiflvents were passed into water traps,
after which the (1 contents ol the ivap tiquads were determined by tae lead chlorofluoride
inethod.

ol ‘():

Al of the compounds cipiloyed o5 addstive:s i the study were prepoared of this fabo -
vatory. Synihesis of the copper and ceritm satis of arganolluocme--contaning compounds
Lias been reportea (25). Mxcept tor covims wiuate, 50 ol fhie metal benzoates and toluates
weoere prepared by 2 double deconiposition oaction betwe aqueons soluiions ot the sodium
sults of the organic acid and the ehlovide of the appropcinte metlal.  Cervic toluate was

~F .

sopovide with o inlnie aeid D Coeie disalie wial..

........ R N N
Pradprald Oy WAl

propylene diumine, Ce(DSPD), was prepaved by trealing coric ipnmomum mtrase with
sodium toluate; ihie vesulting basie corvie foluate was reacted with DSPD to torm cerie
(DSPD) (3). Fven in the low concentvalions employed, none of ihese additives was com -
plctoh; soluble in the test [uids., @t was thereiore (.I[Il( ull iv deiermine ai the conclusion
of the majority of runs whether the mscluble material found was undissobved additive, or
siudge formed during ihe exidation. o geicral, ail soch waterial was reported as sludge.

OXIDAYION STUDS

Fluorinated Esiers

ated thot esiers

\

Combination ui Mctals Preseni - Previous investigations have nwdic
from polybasic acids and tiuoroalcoinols (@' -gicotuis) of e gencral turada 3{CF,( 21,
CH,OH were unusuaiiy stable (o oxidation, even m the absenve of conventional inhibitors
(13,15,19). In those stuaies the {luids were m contact with a combination of some of the
metals used in specification oxidation-corrosion tests (16,17), generally copper, steel,
and silver-plated steel. In ‘fable 1, uxidation experincits under these conditions are
summarized for esters of 3-methylgluwtaric, camphoric, and 2,2’ diphenic acids. Rsiers
of botiy 3- metavl;,lutariu and camphoric acids ders ousirated excellent resistance fo oxi-
dation at 437°F as evidenced by small visc osity chanves ard acid nambers, minimum
fluoride evolution (vepovied fo. the camphorate ondy; 2ad oxeellcnr sample appearance.
At 482"F, oxidative changes in the fluids were ovident. Fluoroesters froew the more stable
aromatic acids are more oxidaticn resistant than their analogs {from aliphatic acids.

Thus, after 72 hours at 527"F, bis(¥’-amyl)2,2’ .dipienaie showed Littic degradative change.
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No Metals Present - When, in the course of the present investigation, the experiments
summarized previously were repeated, except that no metals were present, an unexpected and

significant decrease in the stability of the fluids resulted (Table 1). The more outstanding
of these stability changes duc to the absence of metals are noted below.

1. (Bis(y’-amyl)3-methylglutarate at 437°F for 168 hours. The neutralization num-
ber rose from 7.2 to 215,

2. Bis(y/-heptyl)3~methyglutarate at 437°F for 168 hours. The 100°F viscosity
increase rose from 0.5 to 72 percent and the neutralization number from 0.07 to 21. At
482°F, the viscosity increase rose from 1.8 to 46 percent and the neutralization number
from 1.2 to 11. Although the viscosity increase and generation of acids were greater at
437° than at 482°F, there was much more sludge formed at the higher temperature, a
possible indication that the oxidation reactions followed different courses.

3. The camphorate from mixed fluoroalcohols at 437°F for 168 hours. The viscosity
increase rose from 5.2 to 64 percent, the neutralization number from 0.06 to 7.7, and the
evolved fluoride from 0.19 to 4.1 mg/g sample. (At 437°F with the stated metals present,
this ester was more stable with regard to viscosity, acidity, and fluoride evolution than
it was at 392°F with no metals present.) Exposure to 482°F for 72 hours or longer caused
the camphorate without metals to gel; it was still fluid, however, after 168 hours at this
temperature with the three metals present.

4. Bis(y'-amyl)2,2’-diphenate ar 527°F for 72 hours. The fluoride evolved increased
from 0.11 to 5.3 mg/g sample although in other respects no significant differences were
noted.

individual Metals, or Organocopper Compounds Present -~ it was apparent from the
resulfs that the stabilities of the fluoroalcohol esters of 3-methylglutaric, camphoric, and
diphenic acids are measurably improved by contact with the combination of steel, copper,
and silver-plated steel. The analogy to be drawn between these results and thogse from
previous investigations on the high~-temperature stabilization of silicone fluids by both
imetals and organometal compounds was inescapable. In these latter studies it was demon-~
strated that the stable life of lightly phenylated polymethyl silicones was extended geveral-
fold when they were in contact with a combination of chelating agents and certain metals,
most notably copper (4). To separate the effects produced in the fluoroesters by each of
ihe three metals previously employed in combination, the fluids were subjected to oxida~
iion in the presence of the individual metals. Following out the analogy to the silicones,
these fluids were also oxidized with organocopper compounds present.

In '"able 2 are summarized experimental results demonstrating that both copper metal
and copper compounds impart a high degree of oxidation stability to fluoroesters from
both camphoric and 3-methylglutaric acids; conversely, steel, stainless steel, or organo-
cerium compounds have littie or no beneficial effects. For comparison, data on the sta-
bility of the fluids with neither metals nor salts present are included in Table 2.

Marked beneficial responses io copper were chown by bis(y/-amyl)3-methviglutarate
at 437°F, and by the corresponding bis(y’-heptyl) compound at 482°F. After 168 hours,
ihe neutralization number of the former compound in the presence of copper was only
(.03 2s compared with 215 in the absence of metals. Similarly, with copper present the
neutralization number of the latter compound was 0.18 as compared with 11 in its absence,
and the percent viscosity increase was 4.6 instead of 46. Both copper (' -heptyl)3-

nethyiglutarate and copper phenylstearate stabilized bis(y'-heptyl)3-methylglutarate it
not as eifectively as did copper metal.

Response of the campnorate ester io copper metal was excellent during a 437°F, 168~
sour run, as evidenced by small viscosity and acidity increases, minimal evolution of
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fluoride, and satisfactory sample appearance. By way of contrast, steel appeared to
accelerate breakdown of the ester, causing it to gel; silver-plated steel was essentially
inert, the ester reacting as though no metal or additive were present. Three copper
saits - the phenylstearate, the toluate, and the perfluoroundecanoate - offered substantial
improvement to the stability of the ester. The copper perfluoroundecancate differed
somewhat from that of other additives insofar as it permitted a larger viscosity increase
than did the other additives but at the same time completely prevented the evolution of
fluorides.

As already noted, 72 hours at 482°F caused gelation of the camphorate. With copper
metal present, however, the viscosily increase was only 2.7 percent; even aiter a 168~
hour exposure to this temperature the fluid did not gel, although the viscosity increase
was 215 percent. Substantial improvement in stability with respect to viscosity and acid-
ity increases was imparted to the camphorate ester by the following copper salts: per-
fluoroundecanoate, ('~heptyl)hydrogen 3-methylglutarate, toluate, and phenylstearate.
On balance, iie copper ('-heptyl)3-methylglutarate appeared to be the most effective of
these additives, permitting viscosity and neutralization number increases of only 1.6 per-
cent and 1.7 respectively. The effect of copper perfluoroundecanoate at 482°F was similar
to that at 437°F; it permitted a substantial viscosity increase but prevented the generation
of volatile fluorides.

The aromatic ester bis(y’~amyl)2,2-diphenate is inherently so stable that improve-
ment with additives is difficult. Even at 617°F, after 72 hours the 100°F viscosity increase
was only 12 percent, the neutralization number increase 4.4, and the total fivoride evolved
1.8 mg/g sample (Table 2). When copper was introduced into the fluid, fluoride evolution
and acidity decreased, but the viscosity increase was essentially unchanged. Copper
toluate produced similar ambiguous results. When the test temperature wag increased to
642°F, the compound underwent extensive pyrolysis, as shown by the viscosity decrease
of 92 percent. Pyrolysis also occurred when copper metal was present.

Miscellaneous Metals and Organometal Compounds - In view of these encouraging
results which resembled previous data obtained when silicones were stabilized with vari-
ous metals, metal salts, and metal chelates (4,12), the antioxidant actions of a variety of
metals and of salts in addition to copper were ascertained in the camphorate of the flu-
oroalcohol. The results are listed in Table 3 and, with those for ceric DSPD excepted,
refer to 72-hour runs at 482°F. Of the bulk metals studied, barium and monel were the
most effective, with chromium somewhat less so. Nickel apparently had no antioxidant
activity, permitting the fluid to gel. Cobalt was employed in powder form and it could not
be determined whether the tarlike appearance of the fluid after oxidation resulted from
thickening of the fluid due to dispersion of the metal, or deterioration. The effects of the
benzoates or toluates of the following metals were determined: barium, cerium, nickel,
chromium, cobalt, manganese, praseodymium, titanium, ytterbium, and strontium. All
displayed inhibitory activity, the toluate of barium in 0.1 percent concentration being the
most effective, particularly with respect to the cleanliness of the fluid after the run.

The salts of praseodymium, lead, chromium, and manganese were relatively ihe least
effective. The ceric salts of disalicylalpropylene diamine (437°F for 188 hours) and

(' ~heptyl) hydrogen 3-methylglutarate {482°F for 7T2hours)} were as effective in prevent-
ing a large viscosity increase as were the better toluates.

1t is apparent from these data that a variety of melals with either single or multiple
valences, and metal salts, impart significant oxidative stability to fluoroesters from
aliphatic acids.

Polyphenyl Ethers

Among the more atiractive candidates for use as high-temperature jet engine oils are
the polyphenyl ethers, which have heen reporied to have good resisionce 1o oxidation,
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pyrolysis, and radiation (7,8,18,26). These compounds have reasonably good viscosity-
temperature characteristics, high-flash points, and low-evaporation rates, provided their
molecular weights are in the proper range. The meta isomer of bis(phenoxy-phenoxy)-
benzene has received much attention because in addition to its possessing the desirable
attributes lisied above, it is a liquid (pour point of 40°F), in contrast to its ortho and para
isomers, which are high-melting solids. Thexre have been limited data reported on anti-
oxidants to improve the stability of the polyphenyl ethers. Some promise has been shown
by organotin compounds, oxides of copper, and metal acetylacetonoates (8,26).

For the present study, polyphenyl ether samples were obtained from two commercial
sources. Both were mixed isomers of bis(phenoxy-phenoxy)benzene, with the meta isomer
predominating. The fluids were equivalent as regards their stability and response to
antioxidants. The reactivities of these fluids were not perceptibly affected by percolation
through adsorbents to remove polar impurities. Results of oxidation stability studies on
these ethers are shown in Table 4. As was the case with the fluoroesters, the organometal
additives were essentially inscluble in the ether.

After 72 hours at 500°F, with no metals present, the ether was essentially unchanged.
With a test temperature of 572°F, the fluid became too thick for a viscosity measurement.
The ether was oxidized to a gel when exposed to 600°F for 48 hours.

Some improvement in stability was imparted to the ether at 600°F when strips of
cither steel or stainless steel were present in the oxidation cell. In 48-hour runs vis-
cosity increases were of the order of 150 to 350 percent and the neutralization numbers
approximately 0.5. More marked reduction of viscosity change was given by copper metal;
the neutralizationr nuinber increases, however, showed little improvement aver those runs
with only steel present. The very small neutralization number and viscosity increases
obtained with the copper-steel combination might be indicative of synergistic action, but
the reproducibility of these test results is not sufficiently reliable to justify this conclu-
sion. When silver-plated steel was introduced into the fluid, the stability imparted was
of the same order as when copper metal was present.

The effect of individual metals on the stability of the ether at 650°F was determined.
In 48-hour runs, only barium, of the metals investigated, was ai all effective; it permitted
a viscosily increase of 256 percent and a neutralization number of 1,.0. Neither copper,
stcel, nickel, monel, nor chromium prevented gelation of the fluid. With cobalt powder
present, the fluid presented a tarlike appearance after oxidation, as was the case pre-
viously with the camphorate ester.

At 600°F the ether displayed a significant response to the stabilizing effect of copper
toluate, and copper toluate together with a strip of steel; in 48-hour runs the viscosity
increases and neutralization numbers were remarkedly small, averaging 12 percent and
0.17 respectively. However, when the run was extended to 168 hours, the combination of
copper toluate and steel did not prevent gelation. A marked degree of oxidation stability
was likewise imparted to the ether by ceric toluate in 0.05 percent concentration; after
48 hours at 600°F the neutralization number increase was of the order of 1.0 and the
100°F viscosity increase was 81 nercent. Although very little additional toluate appeared
to go into soluticn when the concentration was raised to 0.1 percent, the neutralization
number was one-third and the viscosity increase one-half that of the ether with the lower
concentration of additive.

At 650°F, the toluates or benzoates of barium, cerium, nickel, lead, praseodymium,
manganese, cobalt, chromium, titanium, and vtterbium each displayed significant anti-
oxidani activity. On balance, manganese benzoate and barium toluate (despite the rela--
tively large neutralization numbers that resulted) offered the most substantial protection
to the ether primarily because in both instances the oil was clear and substantiaily iree
of sludge, anddid not incur a large viscosily increase. Of those additives which displayed




NAVAL RESEARCH LABRORATORY 9

Table ¢
Antioxidant Activity of Metals and Org; 1 Compounds In Bis(ph y -pt y
Viscosilty
Test * Oil Neutralization
TE mp | period Mem'l or Metal-Salt” | Metal Wt Chget Loss Increaose Number Final Sample Appearance
CF) hr) {w percent) (percent) (wt percent; | 2 100°F Increas
! pe ! | (pereanty ®

500 12 - - 1.0 5.8 0.09 Dark amber
572 72 - 7.1 t 0.36 Opaque, black
50073 £ 7 Gelled § Gelled
800 48 - - 2R Gelled § Gelled
800 48 Steel <+0.1 1.8 132 0.47 Opaque, black
800 48 Steel nil 2.8 239 0.49 Cpaque, black
600% 48 Copper -0.3 <1.0 98 0.45 Opayue, biack
600 48 Copper -0.1 3.8 81 .41 Opague, black
600 48 Copper +0.2 H 22 0.28 Opague, black

Steel +0.1
600 48 Silver-plated

steel <-0.1 <1.0 114 0.47 Opaque, black

600 48 Steel** 10,1 5.1 361 0.66 Opaque, black
600 48 Cu(Tol)(0.1) - 8.9 il 0.17 Opaque, black, sludge
600 48 Cu(To1)(0.1) -

Steel -1 i4 14 0.15 Opaque, black, sludge
800 188 Cu(Tol)0.1) -

Steel +0.1 15 Gelled § Gelled
600 48 Ce(Tol)(0.05) - 8.4 81 0.98 Cpaque, hlack, sludge
600 48 Ce(Tol)(0.1) - § . 26 0.39 Opaque, black, sludge
850 48 Copper 11 10 b Genea § Gelled
650 L] Steel Tt 3.5 Gelled § Gelled
650 48 Barium § 4.0 256 1.0 Opaque, amber
650 18 Nickel § 4.0 Gelled § Gelled
650 48 Cobalttt § 4.8 § § Tarlike
650 48 Monel -0.1 7.2 Gelled § Gelled
650 438 Chromium <-0.1 9.4 Gelted § Gelled
650 8 Ce{To1)(0.1) - 2.3 217 nil Opaque, black, sludge
650 48 Cu(Tol)(0.1) - 4.9 Gelled § Gelled
650 43 Ni(Benz }(0.1) 1.0 127 0.03 Opague, amber, slight sludge
650 48 Po(Renz)(0.1) a7 279 0.06 Opaque, amber, slight sludge
650 8 Pr{Tol)(0.1) 8.8 63 0.06 Opaque, amber, sludge
650 48 Mn(Benz){0.1) - 10 52 0.09 Clear, green-amber
650 48 Co(Benz }(0.1) - 8.4 83 0.08 Opaque, amber, sludge
650 48 Cr(TolX0.1) - 4.0 130 0.18 Opaque, amber, sludge, lacquer
650 48 Cr{Benz)(0.1) 3.6 103 0.2 Opaque, amber, sludge
650 48 Ba(Tol)0.1) - 12 65 0.80 Clear, amber
£50 12 Ba(DNNSN0.1) - 32 Gelled § Gelled
650 48 TH(Tol}0.1) - 4.0 353 0.32 Opaque, amber, slight lacguer, shwige
G659 48 Yh{Tol)0.1) - L 1.0 § 0.22 Opaque, ambrr, siudge

“Additive abbreviations
Ce(Tol) - Cerinm (IV) toluate
Cu(lol) « Copper (lI} toluate
Ni{Benz) - Nickel {II} benzoate
Pb(Benz) -~ Lead (lI} benzoate
Pi{Tol) -~ Praseodymium {II) toluate
Mn{Bune) ~ Mangancoc (L) benzoate
Co{Renz) - Cobalt {IX) benzoate
Cr{lol} - Chromiun: {IIi} toluate
Cr{PBenz) - Chromium (HI) benroate
Ba(Tol} ~ Barwum (II) toluate
Ba{DMNNS) - Barium (Ii) di 1naphthalene sulf e
Ti{rol) - Titamum (IV) toluate
Yb{101) - Yiterbium {III) toluate,

1A dash indicated the absence of metal.

!'foo viscous to measure.

§Not determined.

$Percolated throuph Florisil and aiunuana.

RPeCULen Heavily enorusiv.
n powder {u:in.
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antioxidant activity, lead benzoate and titanium toluate permitted the largest viscosity
increases, 279 and 353 percent respectively. The only toluate which offered no protection
to the ether was that of copper; likewise, barium dinonylnaphthalene sulfonate did not pre-
vent gelation of the fluid.

DISCUSSION

Silicones, fluoroesters, and polyphenyl ethers are all so stable that comparatively
elevated temperatures are required to effect their oxidation. Therefore, significant reac-
tion products may be so short-lived as to be difficult or impossible to identify. Consider-
ation of the well-known oxidative reactions of the aliphatic diesters may serve to illus-
trate this latter point (20). The overall reaction rate of these fluids is a function of peroxide
concentration; at any specified temperature the peroxide content rises to a maximum and
then falls off rather sharply as secondary reactions become significant. As the oxidation
temperature is raised, a peak concentration is more rapidly attained and the subsequent
decrease is more precipitate, Finally, a temperature is reached (ca. 450°F) above which
peroxides are difficult to detect because they are so rapidly destroyed. In the case of
silicones, peroxides have been postulated as high ~temperature reaction products (1).
Nevertheless, at the temperatures at which such peroxides are presumed to form (above
500°F) they are evidently too short-lived to be detected by conventional chemical methods.
The polyphenyl ethers may be an exception to this generalization regarding short-lived
high-temperature reactxon products, since they are reported to generate stable free
radicals above B00°F (26,27). Although these radicals have been detected by electron
paramagnetic resonance spectroscopy, their precise molecular configuration has not been
determined.

The difficulties associated with the identification of the initial high-temperature oxi-
dation reaction products of fluoroesters and polyphenyl ethers apply also to the elucida-
tion of the mechanism responsible for the inhibition imparted by metals and organometal
salts. Nevertheless, certain assumptions may be reasonably made. For one thing, prob-
ably the activities of only the salts are relevant to the inhibition process since, at the
elevated temperatures employed in the present investigation, bulk metals undoubtedly
react with oxidation produects of the base fluids. The resulting superficial layers of salts
would be at least slightly soluble in the fluid. It may be further speculated that the usual
catalytic role of metal salts is reversed in the subject fluids and instead of oxidation pro-
ceeding by an electron transfer to a metal ion (possibly as a complex) from a hydroperoxide
(5), the ion has the general attributes of an energy sump, interrupting the autocatalytic
oxidation chain. Thus, the consequent deactivation of the chain-propagating entity (hydro-
peroxide, free radical, or energy-rich particle) would drastically curtail the overall oxi-
dation rate of the base fluid,

It is apparent from the present study that traditional concepts of factors affecting
the oxidation stability of petroleum or aliphatic diester lubricants may not automatically
be assumed valid for {luids of different chemical censtitution. In particular, the presently
accepted level of stability of fluoroesters and polyphenyl ethers, as determined in the
specification tests, would probably not correlate well with their stabilities in an operating
gas-turbine engine. In laboratory tests, copper metal is traditionally present to promote
deterioration of the fluids, whereas for precisely the same reason, copper metal and its
alloys are rigorously limited as materials of engine construction. The ironic fact is that
copper at high temperatures is a potent antioxidant for these fluids and they would display
a higher degree of stability in the laboratory where copper is present than in an engine
where copper is absent.

One then may reasonably speculate whether other experimental conditions for the
evaluation of lubricant stability, hitherto taken for granted, should nct be re-examined to
determine their precise effect on the fluid. Among the factors which might merit such
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re--examination are the effect of light and the infiuence of glass. For example, the compo-~
sition of glass containers has been shown to allect significantly the room temperature
storage stability of aircraft fuels (10),

SUMMARY

The discovery has been made at this Laboratory as to the beneficial efiect of certain
nictals and organometal salts on the oxidation stabilities of a polyphenyl ether, and three
tiuvrovaleolwl esiers ol pulybasic acids. The Jluorvalcohols (' -alcohols) were of ihe

general formula H{CF,-CF, ) CH,01.

In the absence of metals, esters of 3--mcthylglutaric and camphoric acids were unstable
at 437°F and seriously degraded at 482°1, Outstanding improvement in the stability of the
esters was obtained at 437°F in the presence of copper, either alone or together with sieel
and silver-plated steel. At 182°F the response of both Huids to copper was good, but steel
aor silver-plated stecl showed no inhibitory effect. Barium{ monel, and chruomium cach
prevented significant degrradation of the camphorate at 182°F, the former being the most
vifective with respect tu cieanliness of the ftuid. The activity of eobalt was marginal;
‘nekel permitted the fluid 1o gel  The bis(y’ -arnyl) ester of the aromatic 2,2/ ~diphenic
2¢id was inherently so stable, even at 6177, thot the only improvement imparted to it by
conper was 1 lessening of evolved fluorides. At 642"¢ the esier underwent extensive
vyirolysis regardless of the presence ol copper.

Various velatively insoluble organocupeic salis warkedly naproved the 482°F stabil-
iy of boit ihe 3-methylglutarate and the camphorate fluoroesters. The copper compounds
Gvestigated were the (/' ~heptyD)3-methylpglutarate, (& -hicply!ihydiogen 3 methyiglutaraic,
ohenylsiearaie, toluate, and perfluoroundecanoate. I the camphorate ester, the benzoates
or foluates of the Tollowing metals all displayed antioxidant aclivity at 482"% (o varying
deprees: barium, nicxel, chromium, cobali, manganese, prascodymium, titanium, yiterbium,
andd sirontiwm. OF these the most elieciive was barvium toluate. Cerium disalicylalpropyl-
e dinmine and cervium (7 heptyl) hydrogen-3 -methvlglutarate also displayed effective
inhabition i tiie camphorate ai inis tcmperatioe,

The polyphenyl cthesr studied was a sxedasomer of bis{phenoxy-phenoxy)benzene,
tive meta isomer being predonnnant. With no metals present, the fluid geiled when exposed
to 600") for 48 hours. Although either steel or silver -plated steel prevented gelation of
the {luld, copper, enprie toluate, and <ervic oluaic were more effective in preventing
ihickening of the flul. At 650"F; bariun prevented gelation; copper, steel, nickel, monel,
chromium, and cobalt had no antioxidant activity. The toluates or benzoates of cerium,
nickel, lead, praseodymium, manganese, cobalt, chromium, titanium, ytterbium, and
barivm all displayed signitficant antioxidant activity: the most effective were manganese
nenzoate and barium toluate. Copper totuate and barium dincnylnaphthalene sulfonaie
buih pevinitted the cther 1o vel.

The opposite voles played by metals such as copper as antioxidants in fluoroesicers,
nolyphenyl ethers, and siliconies, ¢r as prooxidants in aliphatic and petroleum oils, call
for more careful exammation of itheir usc in the labovatory evalnation of lulsricant sia-~
inlity. ft wiil be necessary to know the specilic effect of such metals before ihe inhierent
stability and probable scrvice utility ol new lubricant fluids cai be reliably assessed.

I'he vesulis veported herein demenstrate the anvsual and ouistanding high-temiperature
antioxidant propertics of cermain metals and organometal compounds in fluorcesters and
polyphenyl ethers. A program 1s now in progress to synthesize more soluble compounds,
not only of the metals reported hicre, but of others being investigated, to improve further
the gstabilities of fluorcesicrs, aromatic ethers, andg othev high--lemperature {luids. Suit -
able studies of the mhibition mechanisms involved may yicid information icading to the
sclection and synthesis of even more efficient antioxidants.
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